The purpose of this study was to test the hypothesis that energy metabolism is impaired in residual intact myocardium of chronically infarcted rat heart, contributing to contractile dysfunction. Myocardial infarction (MI) was induced in rats by coronary artery ligation. (6), aortic stenosis (7), dilated cardiomyopathy in the Syrian hamster (8), uninephrectomy plus steroid treatment (9), or the spontaneously hypertensive rat (10). The purpose of the present work was, therefore, to define performance, oxygen consumption, and parameters of energy reserve, i.e., tissue contents of ATP and creatine phosphate (CP), creatine kinase (CK) activity and isoenzyme distribution, and phosphoryl transfer rates via CK (using 3P-magnetization transfer), in normal rat heart and in residual intact myocardium after MI. Using these measurements, we directly tested whether changes in energy metabolism can contribute to contractile dysfunction in post-MI heart.
1. Abbreviations used in this paper: CK, creatine kinase; CKmito, mitochondrial isoenzyme of CK; CP, creatine phosphate; EDP, end-diastolic pressure; GAP-dH, glyceraldehyde-3-phosphate dehydrogenase; h/l, high/low; HPLC, high-pressure liquid chromatography; LAD, left anterior descending coronary artery; LDH, lactate dehydrogenase; LVDP, left ventricular developed pressure; MI, myocardial infarction; NMR, nuclear magnetic resonance; PFK, phosphofructokinase; pHi, intracellular pH; Pi, inorganic phosphate.
The chronic hemodynamic sequelae that occur after myocardial infarction (MI)' include left ventricular dilatation and hypertrophy of residual, intact myocardium (1, 2), processes described as "remodeling." Although chronic hemodynamic alterations after MI have extensively been studied both clinically and experimentally, biochemical and molecular consequences of left ventricular remodeling are only partially understood. Various compensatory and, possibly, maladaptive changes have been described at the protein or gene-expression level (e.g., references 3 and 4), but none has convincingly been linked to the development of contractile failure in post-MI heart. One attractive mechanism that may directly contribute to contractile failure after MI is a reduction of energy reserve (for review see reference 5). Altered energy metabolism has been observed for many experimental models of cardiac hypertrophy and failure, such as hyperthyroidism (6) , aortic stenosis (7) , dilated cardiomyopathy in the Syrian hamster (8) , uninephrectomy plus steroid treatment (9) , or the spontaneously hypertensive rat (10) . The purpose of the present work was, therefore, to define performance, oxygen consumption, and parameters of energy reserve, i.e., tissue contents of ATP and creatine phosphate (CP), creatine kinase (CK) activity and isoenzyme distribution, and phosphoryl transfer rates via CK (using 3P-magnetization transfer), in normal rat heart and in residual intact myocardium after MI. Using these measurements, we directly tested whether changes in energy metabolism can contribute to contractile dysfunction in post-MI heart.
Methods
Animals and experimental MI. Infarcts or sham operations were carried out in 12-wk-old Wistar rats, kept in a 12-h light-dark cycle. Left anterior descending coronary artery (LAD) ligation was performed by a previously described technique (1, 11) . Briefly, a left thoracotomy was performed under ether anesthesia and positive pressure ventilation. The heart was rapidly exteriorized by applying gentle pressure on both sides of the thorax. The LAD was ligated between the pulmonary outflow tract and the left atrium. The heart was then replaced into the thorax, lungs were inflated by increasing positive end-expiratory pressure, and the wound was closed immediately. Sham operation was performed using an identical procedure except that the suture was passed under the coronary artery without ligation. Mortality rate of infarcted rats for the first 24 h after the operation was 40-50%. Surviving rats were kept on commercial rat chow and water ad libitum. All procedures conformed to the guiding principles of the American Physiological Society.
Isolated rat heart preparation. 8 wk after LAD ligation or sham operation, rats were anesthetized by injecting 20 mg pentobarbital sodium intraperitoneally. After thoracotomy, the heart was rapidly excised and immersed in ice-cold buffer. The aorta was dissected free and mounted onto a cannula attached to a perfusion apparatus, as described previously (12) . Retrograde perfusion of the heart was started in the Langendorff mode at a constant temperature of 37°C and a constant coronary perfusion pressure of 100 mmH-lg. A 3 .6 s as previously described (14) . Separate studies showed that the narrowband pulse directly attenuated the CP magnetization by < 5% when the carrier frequency was placed 2.5 ppm downfield from the resonance of CP. For each of the 6 saturation transfer spectra, 64 scans were accumulated by repetitively cycling through the 6 different times of presaturation. Thus, any metabolic deterioration occurring during the saturation transfer measurement was equally distributed among the spectra. A complete saturation transfer experiment was acquired in 32 min. Stability of the preparation was assessed by comparing one-pulse spectra obtained before and after each magnetization transfer experiment. (17) as previously described.
High-pressure liquid chromatography measurements. Additional sham (n = 6) and MI (n = 6) hearts were isolated and perfused at 100 mmHg as described above. With a colored Latex balloon in the left ventricle, hearts were rapidly freeze-clamped using Wollenberger tongues as previously described (18) . In freeze-clamped MI hearts, infarct size could not be determined, but at least 25% of the left ventricle was infarcted as estimated from our visual judgment of scar size; hearts with smaller infarctions were excluded. Infarct scar and intact left ventricular tissue, the border of which was marked by the colored balloon, were separated with a Minimot 40/E precise drill machine (Proxxon GmbH, Niersbach, Germany) under liquid nitrogen and were analyzed for ATP content as previously described (18) . Briefly, frozen tissue was powdered in a stainless steel percussion mortar cooled in liquid nitrogen. The powder was homogenized in 0.4 N perchloric acid at 0°C, and aliquots of the homogenate were removed for protein determination. The homogenate was neutralized and centrifuged for S min. The supernatant was used for measuring ATP by high-pressure liquid chromatography (HPLC) as previously described. Noncollagen protein was measured by the method of Lowry et al. (19) . Metabolite concentrations were expressed as nanomoles per milligram of protein.
Enzyme activities, isoenzyme distribution, and total creatine content. Since biochemical measurements cannot be made in formalin-pretreated hearts (necessary for histologic determination of infarct size), additional sham (n = 10) and MI (n = 11 ) hearts were isolated and perfused for 10 min under control conditions; a biopsy of -100 mg from the left ventricle was then immediately frozen; in MI hearts, the biopsy was taken from noninfarcted, residual left ventricular myocardium. In these MI hearts, infarct size could not be determined, but at least 25% of the left ventricle was infarcted (see above); hearts with smaller infarctions were excluded. From each sample, 10-30 mg of tissue was homogenized in 0.1 M K2HPO4 buffer, pH 7.4, with 1 mM EGTA, 1 mM /3-mercaptoethanol, and 0.1% Triton at 40C (final tissue concentration 5 mg/ml). Before the addition of Triton, aliquots were taken for measurement of protein and creatine content. Other aliquots were analyzed for total CK activity, measured at 300C (20) , and for CK isoenzyme distribution (21 ) . Isoenzyme composition was measured using cellulose acetate strip electrophoresis with scanning fluorometry, taking care to prevent oxidation of the /-chain, to work in the linear range of detection and to inhibit any non-phosphocreatine-dependent source of fluorescence. Using this technique, the relative activities of all four isoenzymes are determined simultaneously. Since the specific activities of the isoenzymes are similar (22) , relative activities also report relative concentrations. Total lactate dehydrogenase (LDH) activity was measured using the method of Bernstein and Everse (23) . LDH high/low ratio (23), phosphofructokinase (PFK) (24), glyceraldehyde-3-phosphate dehydrogenase (GAP-dH) (25), citrate synthase activities (26) , total protein (19) , and total creatine content (27) were measured as previously described.
Oxygen consumption measurements. Because of the necessity to use short, metallic lines of tubing impermeable to oxygen for oxygen consumption measurements, these measurements cannot be made simultaneously with NMR measurements. Thus, we measured oxygen consumption in hearts used for enzyme analysis. Here, oxygen tension was measured in the perfusion medium at the level of the aortic cannula and in the coronary effluent in the right ventricle with a Clark-type electrode (Mikroprocessor oxygen meter OXI 537; WTW, Weilheim, Germany). Oxygen consumption was calculated according to the formula (28): (perfusate PO2 difference across the heart) x (solubility of 02/mmHg) x (coronary flow)/(dry weight in grams). In infarcted hearts, oxygen consumption was related to the weight of residual intact myocardium excluding the scar; it was assumed that oxygen consumption of scar tissue was negligible (29) .
Experimental groups and protocols. For HPLC measurements, sham (n = 6) and MI (n = 6) hearts were isolated, perfused for 10 min under control conditions, and rapidly freeze-clamped. For enzyme analysis and oxygen consumption measurements, sham (n = 10) and MI (n = 11 ) hearts were isolated, perfused for 10 min under control conditions, and oxygen consumption was measured. A biopsy of -100 mg of intact left ventricle was then taken and immediately frozen. Another biopsy of -50 mg of intact left ventricle was stored at 50°C for 3 d for determination of the wet weight/dry weight ratio (used for calculation of oxygen consumption). For measurement of CK kinetics, hearts (sham = 11; MI = 8) were given a 10-min stabilization period. A 5-min onepulse spectrum was then recorded. Thereafter, a set of 6 3`P-NMR magnetization transfer spectra was recorded in 32 min. After a final one-pulse spectrum, hearts were fixed in formalin for determination of infarct size (1, 11) . Hearts were perfused with oxygenated KrebsHenseleit buffer throughout this protocol.
To test for increased susceptibility to acute metabolic stress, three additional groups of rat hearts were subjected to hypoxia and reoxygenation. In sham hearts (n = 7), end-diastolic pressure (EDP) was set to 10 mmHg at the beginning of the experiment by adjusting left ventricular balloon volume. In one group of infarcted hearts (MI I group, n = 10) EDP was also set to 10 mmHg at the beginning of the protocol. In a second group of infarcted hearts (MI II group, n = 6), EDP was first measured in vivo under ether anesthesia with a thin polyethylene catheter connected to a Statham P23Db pressure transducer (Gould Instruments) as previously described (1, 11); in these hearts, EDP was increased in vivo averaging 23 mmHg. EDP in the isolated, in vitro perfused heart was adjusted to the value measured before isolation by adjusting left ventricular balloon volume. Balloon volume was unchanged for the rest of the protocol. All hearts were given a 10-min stabilization period. The protocol consisted of 15 min of prehypoxia (pO2 > 500 Torr), a 30-min period of perfusion with buffer rendered hypoxic by gassing with 95% N2, 5% CO2 (PO2 -20 Torr), and a 30-min period of reoxygenation. 3`P-NMR spectra were continuously recorded. Upon completion of the protocol, MI I and MI II hearts were fixed in formalin for determination of infarct size.
Determination of infarct size. Infarct size was determined by a previously described technique ( 1, 11) . The left ventricle was embedded in paraffin, and 20-jm sections were cut serialy from apex to base of the heart. Sections were stained with Masson trichrome and were mounted on slides, which were projected with a 12 x multiplication. Lengths of scar and noninfarcted muscle for both endocardial and epicardial surfaces were determined by planimetry for each section. The ratio of the lengths of scar and surface circumferences defined the infarct size for endo-and epicardial surfaces, respectively. Final infarct size was determined as the average of endo-and epicardial surfaces and is given as a percentage. All hearts with an infarct size of < 25% were excluded from the analysis (n = 5).
Statistical analysis. Results of sham and MI hearts were compared using an unpaired t test (30) . In addition, for the hypoxia protocol, a two factor repeated measures ANOVA model with group (sham, MI I, MI II) as the "between" factor and time as the "within" factor was built. The analysis of changes during the protocol was restricted to three time points: control period (average of the three time points during control), end-of-hypoxia (last measurement taken during hypoxia), and steady state reoxygenation (average of the last four time points during reoxygenation). Using this model, we tested for a significant "time effect," a significant "group effect," and, in addition, the model allowed calculation of a "time versus group effect," which indicates whether the three groups respond differently over time (31 ) . If significant main effects were proven by two factor repeated measures ANOVA, Figs. 1 and 2 show typical 3'P-NMR spectra of a sham and an infarcted heart. In the MI heart, the CP resonance area is markedly reduced, while other 31P resonances are similar. On average, CP content of chronically infarcted hearts was decreased by 31%, and the CP/ATP ratio of 3'P-NMR spectra was reduced from 1.50±0.05 to 1.05±0.05 (P < 0.05). In contrast, Pi content (Table II) Figure 2 . 3'P-NMR spectra. Representative 3'P-NMR spectra of a shamoperated and an infarcted heart from the MI II group (in vivo EDP) during control, at the end of hypoxia, and at the end of reoxygenation. The spectra demonstrate that the CP resonance is reduced in the infarcted heart compared with the sham heart at all stages of the protocol. nonspecific global decrease of mitochondrial proteins, since citrate synthase, a marker enzyme for mitochondrial mass, was unchanged. Similar to the reduction of CP, total creatine content decreased substantially by 35%.
PFK and GAP-dH activities (Table III) did not change significantly after MI. LDH activity showed a significant increase by 17%. The LDH isoenzyme distribution was evaluated by determining the LDH high/low ratio (h/l; ratio of LDH activities in the presence of high and low pyruvate concentrations); an increase of the h/l ratio indicates an increase of anaerobictype isoenzymes. The LDH h/l ratio showed a small but sig- Acute metabolic stress due to hypoxic perfusion. To test whether susceptibility of chronically infarcted hearts to acute metabolic stress is altered, hearts were subjected to hypoxia and reoxygenation. There were no differences for heart rate and for coronary flow among groups at any stage of this protocol (Fig.  3, A-B mmHg/min [56%], respectively; P = 0.029). In contrast, recovery of MI I hearts (compared with sham on a percent basis due to substantially different baseline rate-pressure products) was not significantly different from sham hearts (75±2 vs 65±5%, respectively; P = 0.51). Fig. 2 shows typical 31P-NMR spectra of a sham and an MI heart during control, hypoxia, and reoxygenation. Fig. 3 E gives mean values for ATP during the protocol. In all groups, ATP declined monotonically throughout hypoxia by 25-40% (time effect 0.0001); although there was a trend for accelerated ATP depletion during hypoxia and for lower ATP levels during reoxygenation in MI hearts, the group effect (0.23) and time versus group effect (0.45) showed that the three groups did not respond differently during the protocol. With reoxygenation, no substantial ATP recovery occurred, as is typical for high-flow hypoxic injury (18) . CP (Fig. 3 F) declined during hypoxia (time factor 0.0001 ) to -30% of prehypoxic values and recovered to control levels during reoxygenation. CP contents were lower in MI hearts at all stages of the protocol. However, the lack of a time versus group effect (0.13) demonstrates that, despite different baseline levels, changes of CP evoked by hypoxia and reoxygenation were similar for all three groups. Fig.  3 , G and H, shows changes of Pi and pHi during the protocol; there were no differences among groups.
Discussion
Chronic (38) reported that, in patients with chronic MI, myocardial oxygen consumption and mechanical work (pressure-volume area) are closely correlated. Thus, left ventricular volume is a major determinant of oxygen consumption in chronically infarcted heart. High-energy phosphate content. 8 wk after MI, ATP content of intact residual left ventricle was unchanged. However, the major high-energy phosphate reserve compound in heart, CP, was reduced by 31%. The reductions in CP content measured by NMR and in the total creatine pool measured using biopsy specimens (35%) are similar, showing that the fraction of creatine which is phosphorylated is unchanged in these myocytes. As a consequence, neither the free ADP concentration (62 vs 44 4M) nor the ADP/ATP ratio is increased. These results show that myocytes in the noninfarcted region do not maintain normal levels of creatine. Reduced creatine and CP levels are characteristic of many models of chronic cardiac injury (6) (7) (8) (39) (40) (41) .
Previous studies of the chronic infarct model (42, 43) have estimated changes of high-energy phosphates in whole-heart homogenates of intact and scar tissue and were, therefore, of limited value. A recent study by Sanbe et al. (29) examined high-energy phosphate stores in residual intact myocardium of rat hearts with infarct sizes similar to our work using a columnfreezing method. In agreement with our results, these authors found significant reductions of CP and creatine [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] wk after MI. In contrast, however, they also found significant reductions of ATP and of Pi. The reasons for this discrepancy are not entirely clear and may be related to the use of traditional biochemical techniques as opposed to the noninvasive tool of NMR in the present work. However, most previous studies of failing myocardium describe reduced CP stores in the presence of unchanged ATP content (for review see reference 5).
Glycolytic enzymes. We also found that PFK and GAP-dH activities were unaltered in remodeling left ventricular tissue, while LDH activity increased and the ratio of aerobic to anaerobic LDH isoenzymes decreased. This suggests a shift toward anaerobic metabolism. Similar observations of LDH system changes have been reported for rats with pressure-overload hypertrophy due to aortic banding (44) or in patients with chronic heart failure (45). However, observed glycolytic enzyme changes were small in magnitude, and LDH is not a rate-limiting enzyme for glycolysis. It is, thus, unlikely that these changes contribute substantially to the development of mechanical dysfunction in post-MI heart. CK system. Previous studies have analyzed the CK system in normal, hypertrophied, and failing myocardium of various animal species and humans (for review see reference 5). In cardiac hypertrophy, the fetal isoenzymes BB and MB increase with little or no changes in other isoenzymes (6, 40, 44, 46) .
In the failing myocardium, reductions of total CK and CKni,O activity occur in addition (6, 47) . Thus, it was postulated that increased B isoenzymes and reduced total creatine content are markers of hypertrophy while decreases of total CK and CKmito are characteristic of pump failure (5) . By these criteria, we observed changes in the CK system of residual intact left ventricle after MI characteristic of both hypertrophy and failure. Our results describing changes in B-CK isoenzymes during longterm remodeling supplement changes observed by Sharkey et al. (48) in coronary artery disease 3 wk after MI in a dog model of chronic coronary occlusion. Here, a significant increase of B isoenzymes was detected in myocardium supplied by the occluded artery.
The observed changes in the CK system substantially affected the velocity of the CK reaction, which was decreased by 50%. Thus, in this model of heart failure, although ATP content was unchanged, phosphoryl turnover via CK was severely reduced. The -50% decrease of CK reaction velocity in post-MI hearts measured by NMR could be predicted by calculating the reaction velocity using the CK rate equation. This suggests that, in normal as well as in infarcted rat heart, the CK reaction velocity is regulated by changes in cytosolic substrate concentrations; since the cytosolic concentrations of ADP and free creatine are near their Km values for the reaction, both ADP and creatine are limiting CK reaction velocity (14) .
Consequences for ventricular remodeling Do the observed changes in high-energy phosphate metabolism contribute to left ventricular dysfunction of chronically infarcted hearts? For baseline conditions 2 mo after MI, when mortality is low (49) , it appears that high-energy phosphate metabolism is sufficiently balanced to maintain performance; altered highenergy phosphate metabolism could limit cardiac performance by reduction of the free energy change of ATP hydrolysis. However, the observations of unchanged ATP/(ADP Pi) and CP/free creatine ratios suggest that the available free energy of ATP hydrolysis is unchanged at least at baseline. In infarcted hearts, phosphoryl transfer via CK was markedly reduced to 50% of normal values. This finding indicates reduced capacity of the CK energy shuttle, which transfers the high-energy phosphate bond from the site of ATP production (mitochondria) to the site of ATP utilization (myofibrils). By comparing the rate of ATP synthesis estimated from oxygen consumption measurements and the rate of high-energy phosphate transfer via the CK reaction, we can assess whether energy transfer becomes limiting in post-MI hearts. Assuming a P/O ratio of 3, ATP synthesis can be calculated from oxygen consumption. The ratio of CK reaction velocity to ATP synthesis rate was 11.3 in sham and 5.4 in post-MI hearts. Thus, in sham hearts, CK reaction velocity is an order of magnitude greater than maximum ATP synthesis, and in post-MI hearts it is still five times greater. This assessment suggests that at 2 mo after MI, phosphoryl transfer via CK is unlikely to limit baseline performance of residual intact myocardium. However, it is well known that remodeling processes are progressive over time (49) , and it remains to be tested, therefore, whether energy metabolism becomes limiting for baseline performance at later stages after MI. Previous studies also suggest that the CK shuttle may not be necessary to maintain a low, baseline level of performance. The CK shuttle is, however, definitely required to obtain high workloads for prolonged periods of time, i.e., to recruit the contractile reserve of the heart. In isolated rat hearts, when CK is inhibited by iodoacetamide, hearts are unable to perform at high work (50) . Van were related to changes in myocardial perfusion. However, since regional blood flow was not measured, we cannot rule out that changes of regional blood flow in infarcted hearts, e.g., altered endo/epicardial flow ratios or reduced flow in myocardium immediately adjacent to the scar, may contribute to observed changes to a certain extent. Enzyme and HPLC analyses were performed on intact residual left ventricular tissue, but 31P-NMR spectra represent average metabolic estimates for the entire heart including intact and scarred myocardium. It is, however, certain, that 31P-NMR spectra closely approximate changes of high-energy phosphates occurring in residual intact myocardium. This is because ATP content in myocardial scar tissue assayed with HPLC was practically zero and, therefore, the contribution of scar tissue to the 3'P-NMR signal should be negligible. The possibility remains, however, that spatial differences in high-energy phosphate contents and/or ratios exist for regions adjacent to versus remote from the scar, respectively, or for hypertrophied left versus right ventricle. Preliminary results suggest that these questions may be addressed using 3'P-NMR spectroscopic imaging techniques (52, 53) .
In summary, we have shown that in chronically infarcted rats 2 mo after MI, left ventricular function, CP, creatine, total CK and CK..i, activity are reduced, and the CK reaction velocity decreases by 50%; oxygen consumption remains unchanged. Analysis of ATP synthesis rates calculated from oxygen consumption and from CK reaction velocity showed that phosphoryl transfer via CK may not limit baseline performance of chronically infarcted hearts. However, challenge with acute hypoxia showed that the ability of chronically infarcted hearts to respond to conditions of acute metabolic stress is limited.
